The surface science of oxides has received considerably less attention than the study of metal surfaces. We review some of our work on structural characterization and electronic structure investigations on oxide surfaces which we prepare as thin oxide films on metallic substrates. This preparation method leads to certain experimental advantages concerning the application of electron spectroscopies on such systems. We discuss molecular adsorption on non-polar and polar surfaces of clean oxides. The influence of metal deposition onto the oxide surfaces and on their properties with respect to adsorption is described. Light induced processes with full quantum state detection of desorbing molecules are addressed. The possibility of studying dynamic processes in adsorbates on oxides via electron spin resonance spectroscopy is evaluated.
Introduction
The last thirty years of surface science have seen an enormous development [l] . The investigations on clean, well structured metal surfaces have contributed to this development considerably [2, 31. Other types of surfaces have played a much less important role. This is somewhat surprising, because, although there is no doubt about the importance of metals in heterogeneous catalysis, it is clear that in catalysis oxide surfaces are at least as central. An increasing number of groups have, therefore, started to investigate oxide surfaces with respect to geometric and electronic structure as well as molecular adsorption [4 to 61. We address in the present paper some aspects of the surface science of oxide surfaces.
Specific aspects include: -surface states on oxide surfaces and their relation to the geometric structure of the -modification of oxide surfaces by metal deposits and its influence on the adsorption -molecular motion in adsorbates as studied by magnetic resonance.
surface as well as their modification by molecular adsorption; behaviour as studied by surface science techniques;
Experimental Aspects
The experiments are performed in ultrahigh vacuum chambers which are equipped with preparation sections. There are several techniques that are used to prepare the oxide surfaces.
Oxide surfaces may be prepared by cleavage of bulk samples or via the creation of thin films. The same surfaces may be created either via oxidation of a Ni(100) substrate [7, 81 . In this case a LEED pattern with broad spots is observed indicating the presence of defects partly induced by the large lattice mismatch between Ni and NiO. A LEED pattern of single crystal cleavage quality is found for NiO films with nonpolar orientation grown on top of an inert Ag(100) substrate [9] . In other words, the thin film techniques give us to a certain degree control over the defect density in the oxide. Furthermore, this technique allows the growth of polar oxide surfaces which are not available via cleavage of bulk samples [ 10,111. The LEED patterns are of relatively high quality even when grown on a Ni substrate. We employ electron spetroscopic methods such as UPS, XPS, AES, ELS, HREELS, and STM, LEED, SEM, distributed over a number of instruments.
Surface States on Oxide Surfaces
We shall start the discussion on oxide surfaces with the stable, nonpolar (100) surfaces of NiO [12] and COO [13] . The question is: Can we observe surface specific effects which are connected to the fact that the atoms in the surface are not fully coordinated as compared with the atoms in the bulk of the crystal? Fig. 2 illustrates the octahedral coordination in the bulk and compares it with the fivefold coordination in the surface layer. It is now quite obvious that we would have to look for ligand field effects [12] . Those will be most pronounced for the Ni ions with their unfilled d-shell. We consider the situation for the d-orbitals in more detail in Fig. 3 . Briefly, an octahedral field splits the d-orbitals in a threefold degenerate tZg-and a twofold degenerate e,-set. Ni2+ carriers eight electrons, six occupying the t,,-set and two unpaired electrons the e,-set. This leads to a 3A,, state. The two lowest-lying excited states in this octahedral field are of 3T,, and 3T1, type and are situated at 1 and 1.81 eV, respectively. If we reduce the ligand field by taking one of the ligands off the symmetry as well as the repulsion is reduced and this splits the t,,-set into an e-and a b,-component, and the e,-set into an a,-and a b,-component. At the same time the splitting in the d-levels is reduced and the excited states shift to lower energy and are increased in number. Therefore, it should in principle be possible to observe these shifts in an electronic excitation spectrum. We can detect these electronic excitations with electron energy loss spectroscopy. Fig. 4 shows the EL-spectra of a clean cleaved NiO(100) surface [12] . The assignment of the states is given in the figure. Even without a detailed assignment, which has been discussed by Freitag et al. [12] , it is obvious that the lowest-lying state is localized in the NiO surface.
The d-d excitations are located in the band gap region below the onset of the charge transfer excitations across the band gap. Very similar excitations as observed at the cleaved surface are found at the surface of a thin film (second lowest trace) as indicated in Fig. 4 . The other spectra included in Fig. 4 serve to show that the surface states are sensitive to gas adsorption in a very specific way which we shall discuss in further detail below. These :00(100) film 1OL CO, T= 80K 5 shows the experimental data together with an assignment based on calculations by Staemmler and coworkers [13] . The feature at 55 meV (found in the loss spectrum as well as in the gain spectrum) is due to an excitation of the single electron between the two nondegenerate components of the former t2g-orbital. The state at 0.45 eV corresponds to the surface state at 0.6 eV in the case of NiO, i.e. a transition between the former tZg-and e,-orbitals, split appropriately. In addition, Fig. 5 also shows the interaction of the surface with gases which we shall discuss in detail below. The two examples clearly demonstrate that ELS may be used to establish a surface ligand field spectroscopy to identify excited states localized in the surface. Those may be used in turn to investigate the interaction with adsorbed molecules. Such information is very hard to obtain for example with traditional XPS investigations because the metal core hole spectra of transition metal oxides are rather complicated and congested with many particle satellites [14, 151. Only a few studies deal with the polar, nonstable surfaces. One example from our laboratory has been the water induced deconstruction of the octopolar reconstructed polar NiO(ll1) surface [8] . In this case the structural rearrangement involves three layers of the oxide. The mass transport involved leads to a relatively disordered surface indicated by diffuse LEED superstructure spots. There are other polar surfaces, however, where the creation of the most stable surface does not involve more than the top layer. For example, the (111) surface of Cr,O, [16 to 201, (see Fig. 6a ) may be created by cutting the crystal perpendicular to the (1 11) direction along a plane dividing the buckled plane of Cr3 + ions such that half of the Cr3+ ions remain on the surface. Fig. 6b shows the resulting surface structure. There are three possible positions for the Cr3+ ions on the surface (site 1, site 2, site 3), not all of which are occupied in a bulk terminated structure, and it is not at all clear that the position corresponding to the bulk structure is the most stable site for the Cr3+ ions on the surface. Via a simple site hopping mechanism involving nearest neighbour positions, one structure could be driven into the other one. We have investigated the C r 2 0 3 ( l l l ) surface structure via LEED [20j.
The freshly prepared oxide surface was cleaned by flashing to 1000 K. While the sample was cooled down, its LEED structure (Fig. 7) was recorded with a conventional photo- (Fig. 7a) . Additionally, a hexagonal diffuse patch surrounding the (0,O) reflex was observed. Upon cooling the diffuse intensity transformed into a ( f i x fi) R 30" superstructure showing its maximum intensity at z 140 K (Fig. 7b ). Below this temperature the superstructure vanished again and finally a simple hexagonal LEED pattern without any additional structure at 90 K was recovered (Fig. 7c) . The whole temperature dependence was reversible, i.e. it could be observed also when the sample was warmed up starting at 90 K. Fig. 8 contains a plot of the intensity within an area indicated in the inset around the first order superstructure spot as a function of temperature. It is quite clear that the transition towards lower temperature leads to a complete attenuation of the superstructure spot, while the transition towards higher temperature only leads to a partial loss of intensity but an increased diffuseness of the superstructure. This is strong indication that we are dealing with an order-to-order transition at low temperature and an order-to-disorder transition towards higher temperature.
Also, the superstructure showed a pronounced sensitivity to adsorption of various molecular species. At its maximum intensity, i.e. at z 140 K, the superstructure was exposed to (6.65 to 10.64) x Pa carbon dioxide which is known to strongly chemisorb on the chromium oxide surface [18] . The superstructure is quenched imme- diately after the onset of exposure. It could only be recovered by flashing the sample to that temperature at which thermal desorption of the corresponding species takes place, i.e. ~4 0 0 K for carbon dioxide. From the adsorption experiments we conclude that the structural rearrangement on the clean sample takes place directly at the surface and that the interaction between the adsorbates and the substrate strongly influences the energetics of the structural rearrangement at the surface. In order to gain further information on the local environment of the Cr3 + cations in the surface, we performed ELS measurements [20] similar to those described for NiO [12] and COO [13] . Fig. 9 shows EEL spectra taken from the clean, flashed oxide surface at different temperatures. At 90 K the spectrum exhibits two signals at loss energies of z 1.2 and w 1.4 eV, denoted by A and B, respectively. They are accompanied by a broad feature C at about 1.8 eV. As the temperature rises, signals A and B lose relative intensity whereas the relative intensity of feature C increases. In order to assign the features to surface states, we have studied adsorption. Fig. 10 shows the EEL spectrum of the clean chromium oxide surface at 90 to 100 K as compared to spectra of the same surface after exposure to different gases [20, 211 . The spectrum in the considered energy region changes dramatically when various adsorbates are present. Thus we assign signals A through C to d-d transitions of surface chromium ions which are sensitive to the presence of adsorbates. Feature C, may also contain some intensity of d-d excitations of bulk chromium ions in a distorted octahedral crystal field. This assignment is supported by optical spectra of bulk chromium samples [22] as well as of ruby crystals [23] and is also in line with the observation that in the range of feature C some intensity remains after adsorbate formation. Parallel to the temperature dependence of the LEED data we also observe a temperature dependence of the ELS data as shown in Fig. 9 , where we see a change of the intensity distribution for peaks A, B, and C. Let us assume for the moment that a Boltzmann ansatz is appropriate to describe the processes (which could be debated), then we can plot the ratio of intensities of feature A and feature C versus 1/T which results in Fig. 11 . From the shape we may deduce an energy difference of 8 meV between the state of the surface characterized by feature A and the state of surface characterized by feature C. This energy difference is of the order of magnetically dominated interactions.
-

This assignment is corroborated by quantum chemical ab-initio cluster calculations from the Staemmler group [20] . The cluster consists of one Cr3+ ion surrounded either by six 0 2 -ions which form a slightly distorted octahedron (bulk Cr203) or by three 0 2 -ions which represent the next neighbours of a Cr3+ ion at the (111) surface. This cluster is embedded in an infinite or semiinfinite field of point charges + 3e and -2e which simulate the Madelung field of the Cr,O, ionic crystal. Within both the cluster and the point charge field the experimental crystal structure of bulk Cr,03 [19] was used. Cr3+ is a d3-system, and its electronic ground state in the gas phase is a 4F state which is split in an octahedral crystal field into a 4A,, ground state, a first excited 4T,,, and a second excited 4T,, state. The threefold spatial degeneracies of the excited states of T,, and TI, symmetry are further split (by about 0.02 eV) in the slightly distorted octahedral crystal field of bulk Cr,03. The lowest excitation energies are calculated at the CASSCF (complete active space selfconsistent field) level to be 1.73 eV (4T,,) and 2.73 eV (4T1,) which compares quite favourably with the EELS data of 2.0 and 2.8 eV [20] .
At the c r 2 0 3 ( l l l ) surface the Cr3+ ions are exposed to a weaker crystal field since half of the oxygen ions are removed. Furthermore, this field has only (distorted) C,, symmetry as compared to the higher 0, symmetry in bulk Cr,O,. Therefore, one can expect that the 111 )/Cr( 1 lo), EP= 13 eV (b) after adsorption of CO, (c) after adsorption of NO, (d) after adsorption of CO, energy differences between the components of 4F are smaller at the surface than in the bulk and that the quasidegeneracies of the TZg and the T,, levels are split. Fig. 12 shows our CASSCF results for the three nonequivalent Cr3+ ions at the C r 2 0 3 ( l l l ) surface (sites 1, 2, 3, Fig. 6 ) and confirms this expectation: For all three positions both the 4T,, and the 4T,, states are lowered considerably relative to the 4Azg ground state and are slightly split (4T,, into 4A,) and 4E; 4T,, into 4A, and 4E). Despite of these similarities, the d-d spectra of the Cr3+ ions at the three nonequivalent sites differ to some extent. Due to the weaker ligand fields, the Cr3+ ions at the sites 2 and 3 have considerably smaller excitation energies (the lowest ones at about 0.9 and 1.5 eV) than those at site 1 (1.05 and 1.26 eV). If we assume that the calculated excitation energies of the components of 4T2, are by 0.1 to 0.2 eV too low, the d-d excitation energies for the Cr3+ at site 1 are in reasonable agreement with the measured EELS spectra, while those ofthe Cr3+ ions at sites 2 and 3 are considerably lower.
In these calculations the Cr3+ ions have been given fixed positions. For the two sites, occupied in the bulk, the choice could be based on those interatomic distances known from the bulk, for the third position, which is not occupied in the bulk, a reasonable position has been assumed. If one allows for geometry relaxation one observes a very interesting effect: the Cr3+ ion residing in site 1 exhibits a stable geometry with internuclear distances Once the ion has moved below the oxygen plane the electrostatic repulsive interaction increases. Therefore the Cr3+ ions will have a tendency to avoid site 2. Site 3 is not populated in bulk Cr,O,, however it is stable with respect to motion of the Cr3' ions below the oxygen plane because in this case the site below is occupied by another Cr3+ ion. The interpretation of the EEL spectra of Fig.9 by means of the CASSCF results in Fig. 12 is straightforward. The high energy part of the broad signal C between 1.7 and 2.2 eV, contains certainly the 4Tzs state of bulk Cr,O, and the 4E surface component of the 4T,, state of a Cr3+ ion at site 1. The low-energy part of signal C which is to a large extent quenched upon adsorption of gas molecules (Fig. 10) is attributed mainly to the surface components of the 4T,, state of the same ions and probably also to the ' E bulk state which is not included in our calculations. Finally, the signals A and B are definitely the surface states correlating with the first excited 4T,, of bulk Cr'O,. Most probably, the double peak is to be attributed to the two components (4A,, 4E) of 4Tzs split in the C,, symmetry at the surface at site 1. In the following we will propose a model which explains the structural changes on the clean chromium oxide surface. We will start with a model for the system at 90 to 100 K and then consider mechanisms possibly involved in the phase transition. Fig. 13a to d show truncations of the bulk a-corundum-type chromium oxide crystal structure [24] parallel to the (111) plane with three different possible terminations. Fig. 13a shows the termination by oxygen ions, Fig. 13b the termination by a complete, buckled chromium ion layer. In both cases the surface is electrostatically unstable. However, if only half of the Cr3+ ions remain on the surface, the resulting charge density on the surface is reduced to half of its value in Fig. 13 b. This surface is electrostatically stable [4] . We propose Fig. 13c as a possible model for the simple (1 x 1) surface structure found in LEED at 90 to 100 K (Fig. 7c) . Upon rising the temperature above 100 K, a (1/7 x 1/7) R 30" structure appears indicating a larger unit cell. The low transition temperature of 140 K already provides evidence that the process is connected with a relatively low activation energy. As a rule of thumb one would estimate activation energies in the range of 0.3 eV which would be consistent with surface diffusion processes. The kind of structure resulting from such diffusion processes is indicated in Fig. 13d . There are several reasons why such a structural rearrangement may take place:
Starting with the situation at lowest temperature we believe that the Cr3' ions are all in equivalent sites. These sites could be those also occupied in the bulk (site 1, Fig. 6 ). There are two more threefold sites (sites 2 and 3, Fig. 6 ) which are available for occupation. One of course, is the other site occupied in the bulk (site 2). It is characteristic of this site that there is never a Cr3+ ion in the second layer below the top oxygen layer. The second alternative is the site characterized by an open oxygen triangle (site 3). There are Cr3+ ions in the second layer below this site. The question is, which is the most stable site populated at lowest temperature. Our ELS data in comparison with the theoretical calculations indicate that the outer Cr3+ sites (site 1) are occupied at lowest temperature. Each surface Cr3+ ion has a direct counterpart in the next layer down. If we assume a magnetic coupling in the first layers similar to the bulk situation, then there is antiferromagnetic coupling to the second Cr layer down of the order of 12meV [25] , but within the topmost layer the Cr ions are ferromagnetically or very weakly antiferromagnetically coupled. The magnetic coupling that is important in this case, is between the topmost Cr3+ layer and the one below the quasi-hexagonally packed 02-layer. Locally, this means that two Cr3 + ions are exchange-coupled via three oxygen ions forming a Cr3
angle of approximately 85". This situation is similar to a dinuclear Cr3+ complex where the transition metal ions are bridged by three hydroxyl groups. In this latter case the exchange splitting has been measured to be 8 meV [26] . This energy has to be surmounted to magnetically decouple the ions. If the temperature is raised, half or less of the Cr3+ ions at the surface may be decoupled from the second layer and may change site. Consequently, a larger unit cell with a (@ x 1/5, R 30" unit mesh is observed. A schematic representation is shown in Fig. 13d .
As is revealed by the schematic drawing the Cr3+ ions reside only in sites that have a second Cr3+ ion underneath in the second layer. There are basically two reasons for this. Primarily, the thermal dependence of the EEL spectra is consistent with this occupation. The intensity of the surface peaks A and B goes down indicating that the occupation of site 1 is reduced. Since site 2 is not stable with respect to the motion of the Cr3+ through the oxygen plane into the second layer, the Cr3+ ions can only move to the stable site 3. Secondly, there is an antiferromagnetic coupling among the Cr3+ ions in each Cr layer, which is about half as large as through the Cr-0,-Cr bridge [26] . Therefore, each ion is antiferromagnetically coupled within the top layer and also with respect to the second Cr3+ ion layer down. Such effects may represent the driving force for the process to occur. The energy differences between differently magnetically coupled states are of the order of 6 meV [26] compatible with our temperature dependent EEL spectra. At higher temperature the two different Cr3+ sites at the surface are statistically occupied, giving rise to a unit mesh typical for a lattice gas. This again leads to a p(1 x 1) structure with very diffuse intensity in the range of the (fi x F) R 30" positions. This sequence of events would explain the observed changes of the diffraction patterns as well as the changes of the EL spectra. The latter will be considered in more detail in the following: The key aspect is the exchange between the two inequivalent Cr3+ sites on the C r 2 0 3 ( l l l ) surface. We have shown that the inequivalent ligand fields for the two sites lead to different d-d excitation energies. Therefore the d-d transitions in the EL spectra may be used to follow the site exchange process. Fig. 9 shows at lowest temperature a d-d spectrum which is compatible with the spectrum calculated for the Cr3+ ion site 1. We assume that the magnetic exchange with the second layer favours this geometry. Upon heating the surface we propose that site 3 becomes populated. This is documented by a redistribution of intensity in the sense that the peak at 1.4 eV is washed out at the expense of the feature at 1.75 eV which appears to become broader. Comparing with the calculated energies we see that the 4E and 4A, states at lowest excitation energies are close in energy which contribute to the leading peak but take intensity out of the second peak. The two 4A, and 4E states at higher energies are, however, lower than the corresponding excitations for the "outer" Cr3 + ions thus leading to an increase of width of feature C. It is thus clear that the changes observed in the EL spectra are fully compatible with the proposed changes in the LEED patterns. Also, the observed order-order transition behaviour towards low temperature, and the order-disorder transition behaviour towards higher temperature is fully in line with the observation.
Molecular Adsorption on Oxide Surfaces
Contrary to metal surfaces, where bonding is strong (AE, z 1 to 2 eV) due to charge exchange between the molecule and the surface [27] bonding to a (100) oxide surface of rock-salt type is dominated by multipolar electrostatic forces, which leads to rather weak bonding (AE, z 0.1 to 0.5 eV). As a consequence of the rather weak bonding, energy Fig. 14 shows the TD spectra of CO/NiO(lOO) [31] taken as a function of coverage. It is clear from the spectra that the maxima of the desorption features only exhibit a very slight variation with CO coverage. The situation becomes more evident by looking at the first derivatives of the T D spectra as shown in the inset of Fig. 14 . At low coverage there is a single peak contributing to the spectra while at higher coverage (dose >0.12) a slightly shifted second peak fills in. We have analyzed the spectra according to a simple Redhead procedure [32a] assuming a prefactor of loi3, which is the standard value [32b]. Depending on coverage this yields a value of 29.3 to 36.8 kJ mol-' for the adsorption enthalpy. This may be compared with a value of 38.5 to 52.3 kJ mol-' recently published by Vesecky et al. [33] on the basis of isosteric measurements using IRAS. The vibrational frequencies determined in the present study on the basis of ELS measurements are not very precise but in line with the values reported by Vesecky et al. [33] for the CO stretching modes.
The adsorption energies of CO/NiO( 100) may be compared with those determined for NO/Ni0(100) [34] . The latter system is slightly more strongly bound, i.e. by 51.0 kJ mol-' as determined by the same Redhead procedure [31] and based on TD-spectra. This higher adsorption energy reflects the different bonding characteristics for CO and NO as predicted by theoretical calculations performed in several groups [28 to 30, 35 to 391 but for the CO/NO comparison in detail by Staemmler and his group [28, 35] . While CO is held almost exclusively by multipolar electrostatic interactions, NO bonding to NiO(100) does exhibit some covalent chemical bonding characteristics. This is due to the additional unpaired electron on NO as compared to CO as has been discussed in [14] . This discussion indicated, and was verified experimentally, that the NO/NiO( 100) bond leads to a tilted geometry with the ON-Ni bond angle in the neighbourhood of 135". However, for the CO/Ni0(100) bond equivalent calculations predict a linear geometry with a Ni-CO angle of 180".
We have investigated the orientation of CO on NiO(100) via NEXAFS (near edge X-ray absorption fine structure) [31] . The result is a perpendicular orientation. NO, on the other hand, exhibits a 45" tilt with respect to the surface normal for the same substrate.
However, with the NEXAFS analysis it is not possible to decide whether the CO molecule for example, is oriented with the carbon end or with the oxygen end towards the surface. While for typical strong CO-transition metal bonds there is no question that the molecule binds to the surface via the carbon atom (exceptions are very rare) [27] in the case of oxide surfaces where bonding is much weaker, the binding energies of the two orientations differ only by less than 0.05 to 0.1 eV [28 to 30, 35 to 391. One way to tackle this question is valence photoelectron spectroscopy. The idea is simple and has been applied many times in the past [27] : The three outer valence ionizations of CO originate from the ionization of the carbon lone pair (50), the Co n: bond (1 n), and the oxygen lone pair ( 4~) .
If the carbon atom is involved in the interaction, the 50 orbital will be shifted relative to the other ionizations. Fig. 15 shows He I1 (unpolarized) angle resolved photoelectron (ARUPS) spectra taken at different angles of light incidence and different electron collection angles. These data serve two purposes: They are used to support the orientation determination via NEXAFS as well as to evaluate the bonding mechanism. Fig. 15a shows the raw data with and without CO coverage. Fig. 15b shows the difference spectra within the energy range of the CO induced features. In order to analyze these data, several points have to be noted. Firstly, at He I1 photon energies the cross sections of the 4 0 ionization is larger than the one of the 5 0 ionization [40] . Secondly, the (T intensities peak if the light is polarized along the molecular axis and the electrons are collected near the direction of the oriented axis. Therefore, if the CO axis is oriented perpendicular to the surface, the choice of near grazing light incidence and normal detection would lead to maximal (T intensities [41, 421. Strictly speaking, the analysis is simple only for fully linearly polarized light. In the present case, however, we have to consider unpolarized light [42] . In other words, there is always the possibility to ionize 7t states. We can only hope to vary the relative magnitude of 7t and (T ionizations in the following simplified manner if the axis is oriented normal to the surface: For grazing incidence and near normal emission we expect large (T intensities. For near normal incidence and grazing excidence we except dominance of 7c ionization. For 45" light incidence and normal emission the (T ionizations should dominate. With this in mind we can analyze the spectra in Fig. 15 and find that they are consistent with an orientation of the molecular axis normal to the surface if we place the ionization potentials for the adsorbed molecule as indicated in Fig. 15b . We have collected the values from the present study as measured relative to the Fermi level in Table 1 [31], where we compare them to ionization energies from other CO adsorbate systems. Included are chemisorbates on metal surfaces [43, 441 as well as a physisorbed system also on a metal surface [45] . The physisorbed layer behaves similar to a condensed CO layer [46] with relative ionization potentials almost identical to the gas phase [40] and only slightly shifted with respect to the absolute values of gas phase CO if referred to the vacuum level [27] : In the chemisorbed layer, on the other hand, two effects shift the relative and absolute ionization potentials. The strong CO-metal bond via the carbon atom leads to the pronounced shift of the 5 0 ionization to a value below the 1 n ionization energy. In addition, hole state relaxation in the final ion state due to the screening by the metal electrons shifts the complete spectrum to considerably lower ionization energies giving rise to the strong deviations from the values observed for the physisorbed system [27] . This is well known in the literature [27] and has been repeated briefly here in order to judge the values observed for the oxide surface properly. The analysis is now very easy. 1n and 4 0 ionizations are slightly shifted with respect to the values of the physisorbed system indicating similar CO-substrate interaction strengths. However, the carbon lone pair ( 5 0 ) is shifted more strongly than the l n and 4 0 ionizations indicating a preferential interaction of the molecules through the carbon end. Hole state screening is of similar magnitude as in the physisorbate which is reasonable, given that the oxide surface should be less polarizable as compared with a metal. Therefore, the present analysis of the ARUPS data indicates that the molecule is bound to the surface via the carbon end in an upright position and with relatively low adsorption energy. Thus, the present experimental results are in full agreement with the above mentioned theoretical predictions [28 to 30, 35 to 391.
So far we have not explicitly determined the adsorbate site. This can be done via a study of the oxide surface states because they are due to excitations strongly localized on the Ni sites. If a molecule is bound to this site, then the d-d excitation will shift. Fig. 4 exhibits this effect when NO is dosed a NiO(100) surface [12] . The same is found for CO exposure. However, OH adsorption through water dissociation does not happen at this site, because the OH vibrations (as shown in Fig. 7 ) are clearly visible but the surface state is not shifted, indicating that water dissociation occurs at defect sites. We have shown elsewhere that the study of polar surfaces of rock-salt structured materials gives us some hints that this is the case [lo, 11, 471 .
A polar surface that lends itself to detailed investigations, is the Cr,O, (1 11) surface discussed above. One reason is that it can easily be prepared OH-free in contrast to the polar surfaces of the rock-salt type oxides [lo, 11, 471. A relatively detailed picture of the adsorption behaviour has been established for CO adsorption. Fig. 16 shows photoelectron spectra of the (fi x fi) R 30" CO structure [16] recorded as a function of detection angle. In particular Fig. 16 shows a set of photoelectron spectra taken with a constant angle, i.e. 90°, between the directions of light incidence and electron detection. From Fig. 16 it is obvious that the 0 ion states exhibit highest intensities for near normal light incidence and near grazing electron emission whereas at grazing light incidence these features are strongly attenuated, in strong contrast to CO adsorbed standing up on most 16 . Photoelectron spectra at various detection geometries. The inset shows the variation of the peak intensities with photon energy 0 0 metal surfaces. Since at a photon energy of 36 eV the o states emit with highest intensity if the polarization direction and the direction of electron detection both coincide with the CO molecular axis, this behaviour is only compatible with an orientation of the molecular axis approximately parallel to the surface. In the inset of Fig. 16 we compare the emission intensites of the CO G valence states as a function of photon energy for two different experimental geometries. The data shown in the upper panel were taken at a light incidence angle of 20" with respect to the surface normal, collecting the electrons 70" off normal whereas the data in the lower panel were taken at normal electron emission and near grazing light incidence (a = SO0). Obviously a strong o-shape resonance is observed only for grazing electron detection, again clearly indicating that the CO molecules must be strongly tilted. NEXAFS data show that the intensity of the 7c resonance varies only slightly as a function of the light incidence angle as expected for CO molecules lying flat on the surface since one 27c component is oriented parallel to the surface whereas the other one sticks out of the surface. A quantitative estimation of the tilting angle was not possible from our NEXAFS data since the (T resonance was so weak that its intensity only could be evaluated with very large error bars.
From the data discussed so far a quantitative evaluation of the tilting angle was not possible, but it could be estimated to be larger than 70 ". An open question still is: where do we locate the 1n: ionization? For flat lying CO molecules the In: levels are expected to split into two components, inxy and 1rZ, the first one oriented parallel to the surface and the other one oriented perpendicular to the surface. Whereas the inxy emission might be hidden below the 0 emissions because this level should be intense at grazing emission angles like the 0 orbitals, the ln, should be intense at normal emission where the 0 emission is weak. As can be seen from Fig. 16 the 5 0 emission is nearly totally suppressed at near normal electron emission so that the ln, level is most likely not situated near to the 5 0 level as is the case for the In: levels of CO adsorbed on most metals. One might suppose that the ln, level is located somewhere in the region of the substrate bands but since the In, orbital will interact strongly with the these bands it will most likely be shifted to higher binding energy because the substrate levels are energetically located above the ln levels. Considering this it seems to be rather unlikely that the 1n levels are located somewhere in the region of the oxide emission.
Whereas the 5 0 emission is nearly totally suppressed at near normal emission a broad feature remains in the region of the 4 0 between 19 and 22 eV (Fig. 16 ). Since the 4 0 and the 5 0 emission intensities should behave similar, it is tempting to attribute the remaining emission between 19 and 22eV to the ln:, level. Another possible assignment would be that this feature is due to a 0 shake-up state. However, we consider this to be unlikely because such shake-up states should be intense at emission angles where the 0 main lines are also intense, which is not the case. Fig. 17 compares the spectra of CO on NiO and Cr,O, with data reported in the literature for free condensed CO as well as CO adsorbed on metal surfaces covering a wide range of adsorption energies [27, 481. All binding energies for the oxide systems are larger than the corresponding values known from metal surfaces. The most interesting finding, however, is the energetic position of the ln:, level which is in the present case most likely situated near to the 40 level, indicating a fundamentally different interaction of the molecule with the surface as compared with all cases observed so far: The CO lone pairs (40 and 50) we propose to be bound towards two different Cr ions in the sense of two G donor bonds which shift the 0 binding energies to higher values. If this is true then it is very reasonable to assume that the ln: levels interact with both the Cr ions, but in addition, and more importantly, with the oxygen layer underneath the terminating Cr layer. This latter interaction between the closed shell 0 2 -ions and CO must be basically repulsive. Since the oxygen levels are situated at lower binding energies than the CO In levels, the lnz, which is the one that strongly interacts with the 0'-ions, is shifted towards higher binding energy and the interacting 0 2 -levels are rearranged as well. The shift of the ln, level is recognized in the data, while it is more difficult to identify the effect onto the oxygen levels. If we judge the observed shifts of CO on Cr203(111) with respect to gaseous CO we find a shift of all CO levels to higher binding energies. The shift of the 5 0 level is larger than the one of the 4 0 level. This is very reasonable because it follows the individual polarizabilities of the levels involved. The interaction may be separated into the two bonding Cr-CO(5o) and Cr-OC(4o) interactions, and into a repulsive 02-CO(1x) interaction, leading to a weakly chemisorptive CO-Cr,O, bond.
A definite structure model of CO on the Cr-terminated patches of C r 2 0 3 ( l l l ) cannot be presented at present but we find a (!,h x p) R 30" superstructure in LEED. The LEED pattern is extremely electron beam sensitive. 
Modification of Oxide Surfaces by Metal Deposits
Some of the most frequently studied metallic modifiers are alkali metals [49] . The reason is that alkali as well as alkaline earths act as electronic promotors in catalytic reactions. The influence of alkali on oxide surfaces is widely unexplored [19, 20, Electron energy loss spectra of the clean and Na covered Cr,O,(lll) surface. The surface was dosed with Na at 90 K to form a thick layer which was subsequently heated to the temperatures given. At 420 K Na monolayer coverage is reached. At 1000 K the surface is Na free Cr203(lll) [19, 20, 511 and NiO(ll1) [50] . I have chosen these two examples because the observed behaviour covers different situations to be encountered on an oxide surface. The idea is that while Ni is an ion that prefers a single oxidation state, i.e. 2 + , Cr ions easily assume various oxidation states. Fig. 18 shows the result of an ELS experiment [51], where a spectrum of the clean Cr203(lll) plane is shown as the bottom trace. We have discussed the assignment of the various peaks previously [16 to 201. If a thick (several ML) layer of Na is deposited on the Cr203(lll) surface at 90 K, the substrate excitations disappear and two new bands are observed. As will be discussed in detail elsewhere [51] , the band at 4.0 eV is due to the Na surface plasmon [52] , the peak at 0.8 eV is assigned to a Na/oxide interface excitation [51] . Upon raising the surface temperature, some Na evaporates and the layer thickness is reduced, but it is still considerably larger than a monolayer. As is expected for thin metal films in contact with a dielectric on one side and vacuum on the other, the two interface excitations are coupled and they change energy as the thickness varies [53] . The Na surface plasmon changes the energy considerably from 4.0 to 2.9 eV while the interface (Cr203 (1 11)/ Na) only slightly varies from 0.8 to 0.7 eV. If the temperature is increased above 420 K the Na multilayer has completely been desorbed and we reach the monolayer regime. sharp features. Ab-initio calculations by Staemmler [54] have shown that a CrZ+ ion in a threefold site at a Cr,O,(lll) surface has d-d excitations at exactly these energies. This allows us to propose that in the range of Na monolayer coverage the C r 2 0 3 ( l l l ) surface is covered with a Cr2+ layer. With decreasing Na coverage parallel to increasing surface temperature, the CrZ+ d-d excitations reappear, and finally close to 1000 K the surface is Na free and the spectrum of the clean surface is revealed. Interestingly, Na cannot reduce the Cr ions to the metallic state. However, if we switch from Na to Mg then we find metallic chromium on the surface [55] .
On the other hand, Na reduces NiO to metallic Ni when the Na coverage increases above a certain coverage, as we shall discuss in the following.
At low temperatures we can grow an alkali monolayer which is associated with the observation of a work-function minimum. Upon increasing the layer thickness we eventually form a metallic overlayer. For Na on NiO(ll1) we show in Fig. 19 a series of XP and Auger spectra for increasing Na coverage [50] . Across this coverage series the work function varies by about 3 eV as indicated in the figure. Interestingly, the observed chemical shift for the Na 1s ionization is very small in contrast to the shift observed in the Na KLL Auger spectra. A detailed analysis shows that the former is due to an accidental compensation of initial and final state effects of opposite signs. In the Auger spectra the final state effects become more important and allow a clear identification of three species formed in the process: Initially the adsorbed Na ions are positively charged (B), and after passing through the work-function minimum the signals due to metallic sodium, including the surface and bulk plasmons (A and D), appear and grow in intensity. Upon a slight increase in surface temperature Na,O forms on the surface and at the same time NiO is reduced to metallic Ni which remains localized at the top of the NiO. This reaction is quite expected if we consider the bulk thermodynamics (see Table 2 ) ofthis system [56] . The reaction is exothermic by more than 170 kJ mol-l. However, if we performed the same experiment for the system Na/Cr,O, in which case the reaction is exothermic by about 100 kJ mol-' based on the bulk thermodynamic values, the corresponding redox reaction does not occur at the surface, as alluded to above. An exchange of Na by Mg on the other hand induces the reaction which is not surprising considering the large exothermicity of the bulk reaction.
Adsorption on Metal Modified Oxide Surfaces
Adsorption on the metal modified systems discussed in the previous section is rather complex [57] . Therefore we review here some results on another system, where the reactivity of the supporting oxide is considerably reduced [6, 58 to [6, 58, 59, 651 . Fig. 20 shows STM pictures of two metal deposits, namely Ag [58] and Pt [65] . While Ag weakly interacts with the substrate, and due to its high mobility at room temperature, coagulates at the steps of the A1,0,(111) film forming relatively large clusters, Pt interacts strongly with the substrate. For Pt we find relatively small clusters as revealed in the STM picture. We shall concentrate in the following on the Pt film.
The oxide film is imaged as a line pattern which is formed by an arrangement of hexagonal protrusions separated by about lOA. Pt is visible as small highly dispersed clusters as suggested by the SPA-LEED measurements. The measured height of the Pt clusters is between 1. Fig. 21 . C Is XPS spectra of the system Pt(x~)/Al2O,(111)/NiAl(110) exposed to CO to saturation at various Pt coverages and substrate temperatures helps to facilitate the diffusion of the relatively smaller P t ions into the quasihexagonal top oxygen layer of the Al,O,. Interestingly, the results on the model system may be compared with infrared spectra obtained for an A1,0, powder sample impregnated with varying amounts of Pt. We have just begun to study reactions of CO with this Pt/AI,O,/NiAI system. Fig. 21 shows C 1s photoelectron spectra taken with monochromatized AlK, excitation of a P t overlayer (Opt % 0.7 ML) at various substrate temperatures. At low temperatures (90 K) we find a signal typical for molecularly adsorbed CO. It is, in fact, very similar to the spectrum recorded for a thick Pt film, shown for comparison. At 300 K, before desorption of CO from larger P t aggregates occurs, we find a signal typical for adsorbed carbon at 284.8 eV in addition to the signal for molecularly adsorbed CO. The 29* molecular species desorbs above 400 K. The carbon signal remains even up to temperatures above 800 K. The cumulative information represents strong evidence that in contrast to CO on Pt single crystal surfaces CO dissociates at rather low temperatures, in particular below room temperature if this is not due to radiation induced effects. This finding may have consequences for reaction of CO with coadsorbed species on such systems if we can establish and finally prove the connection between particle site and reactivity [69].
Molecular Motion in Adsorbates
More and more the study of molecular motion shifts to the centre of interest in surface science. However, many of the standard surface science methods cover time scales that are much shorter than typical times required for molecular motion [70] . Typical time scales for molecular motion are of the order of to 10-l 1 s. Electron spin resonance spectroscopy (ESR) is the spectroscopic technique operating in this time domain [71] . The first ESR experiment on a single crystal surface has been published by Baberschke and his group (72, 731 . However, they found that submonolayers of molecules on metal surfaces do not give rise to a detectable ESR signal because the coupling of the unpaired spin to the conduction electrons leads to very large line widths. In the present study we work with oxide surfaces with a very different electronic structure. Due to the localization of the electrons we can expect very different coupling leading to small line widths, especially if the coupling to the substrate is not too strong.
The experimental setup contains roughly two parts, namely the UHV chamber, which is located on top of the ESR magnet, and holds on the low end a gate valve which separates a typical ESR glass tube from the stainless steel chamber [70] . The sample mounted at the tip of an UHV manipulator may be moved between the UHV chamber and the final ESR measurement position within the glass tube. The UHV chamber is equipped with a TDS setup and a combined LEED/Auger optics. NO, has been used as a probe gas which was dosed through a capillary doser which establishes reproducible and pure NO, fluxes to the surface. The substrate is an Al,O, film grown on a NiAl(110) alloy surface. Coverage calibration has been performed via TDS [74] as shown in Fig. 22 . For small coverages a single desorption peak is found at 150 K which saturates at higher exposures. Then a second feature occurs with a peak temperature higher than the first one indicating three-dimensional growth of molecular aggregates (dimers) with higher intermolecular binding energy as compared with the binding energy between the individual molecule and the substrate. At very high coverage the desorption spectra show a rich structure interesting in itself but not to the present goal of studying dynamics. It should be stated, however, that the coverage calibration which is hard for such a complicated system has been established with another molecule (COS) which shows a growth mode where a full monolayer grows before the next one is populated. In Fig. 23 coverage dependent ESR spectra for the system NO,/A1,0, are shown. It is very reasonable to assume that the line width is dominated by dipolar intermolecular NO, interactions. Increasing the coverage leads to a closer packing of the molecules. Note that the surface temperature is 35 K, so that the molecules hit the surface and stick to it without diffusion.
If we anneal the surface at temperatures well below the desorption temperature and allow for diffusion the observed line widths dramatically decrease. On the other hand, if we annealed the surface above 100 K for longer times (a few minutes) the signal decreases completely. This is caused by the reaction of the paramagnetic NO, monomers to for longer time intervals the decrease of line widths stops at a given value and only the line intensities decrease. At very low coverages this decrease in line width is not observed because the line width has reached its lowest limits already directly after adsorption. In this limiting case the dipolar interaction contribution is small compared to other contributions, e.g. those given by the interaction of the individual molecule with the substrate. The observed spectra have been simulated on the basis of two main considerations: One consideration is connected with the distribution of orientations in the sample, i.e. it could be either anisotropic or isotropic. The other consideration is concerned with the dynamics of motion of the molecules. To see this we resort to Fig. 24 . ESR spectra of a submonolayer coverage are taken at different surface temperatures. The fits shown in the figure represent distributions of three-dimensionally randomly oriented and static molecules. It is quite obvious that the 
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after annealing the adsorbate, the three-dimensional randomly oriented and static distribution fits the spectrum quite well as is obvious from the lowest trace in Fig. 24 . Summarizing the results show the consequences of molecular motion: Diffusion is clearly visible through the dimerization of NO, monomers. However, no rational motion of the molecules can be detected below 100 K in the time window of the experiment. Thus, the upper limit of the time window, lo-' s, may be looked at as the upper limit for the rotational correlation time.
It is a task for the future to identify systems in which the onset of rotational motion of molecules or molecular fragments can be clearly identified. Self-organized films of long chain molecules, which are appropriately spin labelled [75] may be good candidates [76] 
